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The E2-C Vihar Is Required for the Correct
Spatiotemporal Proteolysis of Cyclin B
and Itself Undergoes Cyclical Degradation
ification events that involve cycles of phosphorylation
that are mediated by multiple protein kinases and cycles
of ubiquitination that lead to the periodic degradation of
specific regulatory proteins. The ubiquitination of target
proteins is achieved by three enzymes. The first ATP-
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proteins are targeted to the proteasome for their de-
struction. Proteolytic degradation is controlled in the
Summary cell cycle by two major classes of E3 enzyme: the Skp1
protein, Cullin, and F box (SCF) complex, which is re-
Background: Proteolytic degradation of mitotic regula- quired for the G1-S transition, and the anaphase-pro-
tory proteins first requires these targets to be ubiquiti- moting complex/cyclosome (APC/C), which is functional
nated. This is regulated at the level of conjugation of during mitosis and G1. The APC/C catalyzes the ubiquiti-
ubiquitin to substrates by the anaphase-promoting nation of securin, an inhibitor of the protease that
complex/cyclosome (APC/C) ubiquitin-protein ligase. cleaves chromosome cohesion proteins. It is also re-
Substrate specificity and temporal activity of the APC/C sponsible for degradation of the mitotic cyclins and of
has been thought to lie primarily with its two activators, other regulatory molecules [1]. The complex is com-
Cdc20/Fizzy and Cdh1/Fizzy-related. prised of 12 to 13 protein subunits and targets proteins
Results: Here, we show that reduction in the E2 ubiqui- that contain either of two types of destruction motif, the
tin-conjugating enzyme (UBC) of the E2-C family that is D box [2] or the KEN box [3]. APC/C activity is regulated
encoded by the Drosophila gene vihar (vih), by either
in part by two related classes of WD40 repeat-containing
mutation or RNAi, leads to an accumulation of cells in
proteins named after the Drosophila and budding yeast
a metaphase-like state. Cyclin B accumulates to high
orthologs: Fizzy (Fzy) or Cdc20, which is required at thelevels in all mitotic vih cells, particularly at the spindle
metaphase-anaphase transition, and Fizzy-related (Fzr)poles. Vihar E2-C is present in the cytoplasm of mitotic
or Cdh1, which is effective toward the end of mitosiscells but also associates with centrosomes, and its own
[4–7] and into G1 to maintain mitotic cyclins at a lowdegradation is initiated at the metaphase-anaphase
level [8]. Activation of many APC/C functions may betransition. Expression of destruction D box mutants of
delayed by the spindle assembly checkpoint that moni-vihar in the syncytial embryo results in mitotic arrest
tors microtubule attachment of and tension at kineto-at late anaphase. In contrast to hypomorphic mutants,
chores and signals Mad2 to complex with and inhibitCyclin B is degraded at the spindle poles and accumu-
the APC/C.lates in the equatorial region of the spindle.
The mitotic cyclins are a major target of the APC/C,Conclusions: In Drosophila, the Vihar E2 UBC contrib-
and in normal mitotic progression A-type cyclins areutes to the spatiotemporal control of Cyclin B degrada-
degraded ahead of the B-type cyclins [9, 10]. Experi-tion that first occurs at the spindle poles. APC/C-medi-
ments with stable forms of B-type cyclins in severalated proteolysis of Vihar E2-C autoinactivates the
organisms have shown their degradation to be requiredAPC/C at the centrosome before a second wave of pro-
not at the time of chromatid separation but at laterteolysis to degrade Cyclin B on the rest of the spindle
stages of mitosis [5, 11–14]. This is supported by real-and elsewhere in the cell.
time studies in Drosophila embryos that show stable
Cyclin B1 (hereafter referred to simply as Cyclin B) toIntroduction
block spindle elongation at anaphase B, resulting in
the oscillation of disjoined chromatids. Stable Cyclin B3The ordered progression of cells through the division
gave a late arrest in which anaphase and cytokinesiscycle is brought about by periodic series of protein mod-
were completed, but chromosomes failed to decon-
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sophila embryos had shown degradation to be incom- parently randomly through the cell (Figures 1E–1H) and
in which there was overall a significant increase in poly-plete but were complicated by the use of fixed prepara-
tions of embryos where the pattern of immunostaining ploid mitotic figures. The vihar locus was uncovered by
chromosomal deficiencies that place the gene in thedepended upon fixation conditions. The use of GFP-
tagged Cyclin B, however, has permitted time-lapse 69C-D region, consistent with the insertion site of the
P-lacW element (Figure 1I). The mitotic index and pro-studies in both Drosophila and mammalian cells that
have suggested that Cyclin B degradation begins first portion of mitotic defects were increased in the larval
brains of hemizygous mutant larvae, indicating the hypo-on the mitotic apparatus and then occurs subsequently
in the cytoplasm [16, 17]. In Drosophila, Cyclin B is morphic nature of the mutation. Both homozygous and
hemizygous vih1 females showed maternal effect lethal-degraded on the spindle in a wave that spreads from
the poles and then subsequently in the cytoplasm. Con- ity and produced syncytial embryos that failed to de-
velop as a result of mitotic defects (see below).sistently, in mutant embryos derived from centrosome
fall off (cfo) mothers, Cyclin B is degraded on the de- We were able to revert the vih1 semilethal and maternal
effect lethal phenotype under dysgenic conditions totached centrosomes but not on the acentrosomal spin-
dles, as though the physical detachment presents a restore full viability and fertility when homozygous or
when heterozygous against the original vih1 allele or anbarrier to the wave of cyclin destruction [18]. Degrada-
tion of spindle-associated Cyclin B has been attributed uncovering deficiency, Df(3L)iro-2 (see the Experimental
Procedures). This experiment also generated one partialto APC/C associated with Fzy/Cdc20, and degradation
of the cytoplasmic Cyclin B to Fzr/Cdh1, a protein that fully sterile revertant, vih2. The P-lacW element from the
vih1 mutant was inserted 9 bp upstream of a Drosophilaonly appears to be active after cellularization [19]. This
led the authors to hypothesize that Fzy/Cdc20, localized consensus sequence for the initiation of translation and
129 bp upstream of the start codon of the open readingon the kinetochores and centrosome prior to the meta-
phase-anaphase transition, might mediate the degrada- frame CG10682 (Gadfly; Flybase). A germline trans-
formant in which the CG10682 cDNA was expressedtion of cyclin throughout the spindle once the meta-
phase checkpoint has been relieved at the kinetochore. downstream of the polyubiquitin promoter fully restored
the fertility of vih mothers. Thus, the vihar gene corre-However, the above hypothesis does not satisfactorily
account for how Fzy/Cdc20 might direct Cyclin B degra- sponds to CG10682.
The amino acid sequence of Vihar revealed it to belongdation to begin at the spindle poles rather than else-
where on the spindle. The possibility that components to the E2 family of ubiquitin-conjugating enzymes.
Within this family, Vihar shows more than 50% aminoof the ubiquitination pathway other than the APC/C and
its associated proteins may contribute to determining acid identity to E2s that are involved in the degradation
of mitotic cyclins, the E2-Cs (Figure 2A). The most highlythe specificity of proteolytic degradation of proteins in
mitosis by the APC/C was first raised by the finding of conserved region of the Vihar protein is the catalytic
UBC domain (amino acids 105–119), within which lies aE2 enzymes that were specific for the mitotic cyclins
[20, 21]. However, when the catalytic cysteine of the specific cysteine residue that is required for the ubiqui-
tin-E2 thio-ester formation (Figure 2B). The protein alsoclam enzyme E2-C was changed to serine, this resulted
in a dominant-negative form of the enzyme that was contains two putative destruction boxes (D1 and D2) at
almost identical positions as those in the mammalianable to arrest mammalian cells in metaphase and inhibit
destruction of both Cyclin A and Cyclin B [22]. Here, we E2-Cs [23]. We confirmed that Vihar was able to function
as an E2 enzyme by demonstrating the ability of theshow that elimination of E2-C function through either
mutation or RNA interference in Drosophila cells results bacterially expressed protein to mediate the APC/C-
dependent ubiquitination of Cyclin B (Figure 2C). Wein the accumulation of Cyclin B principally at the centro-
somes and a characteristic delay of cells in a meta- also constructed mutant forms of Vihar for expression
in E. coli, one in which the catalytic cysteine residuephase-anaphase-like state. Metazoan E2-C enzymes
themselves contain putative destruction D boxes [23]. was mutated to alanine, and a second in which basic
arginine and leucine amino acids in its two putativeWe now show directly that Drosophila E2-C is concen-
trated at the centrosome and that it is itself subject to D boxes (RxxL) were mutated to alanine residues.
Whereas the former showed no catalytic activity in vitro,cyclical degradation. Expression of a D box mutant form
of the Vihar E2-C enzyme leads to mitotic defects in the latter was still able to generate multiubiquitinated
forms of Cyclin B, although at a reduced efficiency com-which Cyclin B is degraded at the spindle poles but not
in the equatorial region of the spindle. pared to the wild-type protein (Figure 2C).
Reduced Levels of Vihar E2-C Protein LeadResults
to Metaphase-like Arrest
To gain further insight into the mitotic defects, we exam-Vihar Encodes the E2-C Homolog of Drosophila
We first identified the vihar (vih) gene of Drosophila ined the mitotic spindles of vih mutants. The central
nervous systems of vih1 larvae displayed characteristicthrough a semilethal P-lacW insertion in which about
20% of individuals die as pharate adults. The mitotic mitotic defects at a modest frequency consistent with
those in orcein-stained squashed preparations (Tableindex and proportion of cells at different phases of the
mitotic cycle in the brains of vih1/vih1 larvae were not 1) and are mirrored by only partial reduction of the Vihar
protein (Figure 3, upper panels). Defective mitotic spin-significantly different from those of wild-type (Table 1).
However, the mutant brains displayed aberrant mitotic dles were characterized by chromosomes being scat-
tered throughout the length of the spindle and/or by thefigures in which the chromosomes were scattered ap-
Vihar E2-C and Cyclin B Degradation
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Table 1. Quantitation of Mitotic Phenotypes in Aceto-Orcein-Stained Larval Brains from vih1 Mutants
Percent Percent
Percent Percent Scattered Percent Polyploid
Genotype MI Prophase Metaphase Chromosomes Ana-Telophase Mitosis
Canton-S 7 78 20 0.01 2 0.01
vih1/vih1 8.2 72 24 2 1.8 0.2
vih1/Df 10 65 28 6 0.8 0.2
The mitotic index (MI) is expressed in percent of total cells in mitosis. Other values represent the proportion of figures at different mitotic
stages. Twenty-five microscope fields per brain were studied from 50 larval brains for each genotype.
absence of the core centrosomal antigen CNN from one E2-C, and human UbcH10 participate in the degradation
of mitotic cyclins [20–24], we followed Cyclin B levelsor both poles (Figures 3A–3C). The spindle poles that
lacked centrosomes were characteristically broad, and in cultured cells subjected to vih RNAi. We followed the
development of the phenotype over 3 days of treatmentin all such cells the chromosomes appeared to be over-
condensed. Embryos derived from mothers carrying with vih dsRNA, during which time Western blots
showed substantial elimination of Vihar protein that waseither the vih1 or vih2 alleles, whether homozygous, hemi-
zygous, or transheterozygous, showed similarly aber- associated with a corresponding increase in levels of
Cyclin B (Figure 4A). In the course of such experiments,rant mitotic spindles and had a greater reduction in
levels of Vihar protein (Figures 3D–3F). Thus, the P inser- there was a 7-fold increase in the mitotic index, such
that 40% of the cells arrested in mitosis with a 3-foldtion would appear to affect maternally driven compo-
nents of the vih promoter more strongly than zygotic increase in the frequency of metaphases at the expense
of a similar decrease in the proportion of cells in cytoki-ones. Such embryos rarely developed beyond the third
nuclear division cycle, and all the mitotic figures showed nesis (Table S1). We found that vih dsRNA was able to
phenocopy the characteristic spindle defects observedthese defects. The mitotic figures in embryos at these
stages frequently had a polyploid complement of chro- in vih mutants and that the mitotic spindle never showed
prominent lengthening as normally occurs in wild-typemosomes.
anaphase (Figures 4F–4G; Figure S1). Immunostaining
identified three categories of defective bipolar spindlesCyclin B Accumulates after Depletion
of Vihar E2-C (Figures 4E–4G; Table S2; Figure S1). The first class
featured spindles with aligned metaphase chromo-As members of the E2-C family of proteins in fission
yeast UbcP4/Ubc11, clam E2-C, Xenopus UBCx, mouse somes having a Cyclin B-stained centrosome at only
Figure 1. Genetic and Molecular Character-
ization of the vihar Gene
(A–H) Aceto-orcein-stained chromosomes of
wild-type third instar larval brains at meta-
phase (A) and anaphase (B). In contrast, mi-
totic chromosomes from vih1 larval brains
were highly condensed in metaphase (C) and
anaphase (D). Figures in which the overcon-
densed chromosomes had a scattered dis-
tribution (E–H) were a further feature of the
mutant cells (see also Table 1). Note the poly-
ploid chromosomal content on (H).
(I) The vih locus was mapped with respect
to the indicated deficiencies and by in situ
hybridization of the P-lacW element into the
69C-D boundary region of the salivary gland
chromosomes in the vih1 mutant line. Rescue
of the P element and sequencing of its flank-
ing chromosomal sequences indicated that it
is inserted in the 5 untranslated region (UTR)
of the vih gene that corresponds to CG10682
in the total genome sequence. This lies be-
tween the genes CG10646 and CG10654. The
P element in vih1 is inserted into noncoding
transcribed sequences (black boxes) to the
5 of the open reading frame (gray box). Com-
parative analysis of genomic and cDNA se-
quences revealed vihar to contain two exons
separated by a short 66 bp long intron. The
537 bp open reading frame is followed by a
327 bp long UTR, containing several potential
poly(A)-addition signals before the start of the
poly(A) tail. The predicted Vihar protein contains 178 amino acids, and its calculated molecular mass is 20 kDa, in agreement with Western
blot analysis using an affinity-purified antibody raised against the Vihar protein expressed in E. coli.
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Figure 2. Vihar Is an E2 Ubiquitin-Conjugat-
ing Enzyme
(A) Phylogenetic tree of E2-C protein family
constructed using the method of Hein with
PAM250 residue weight table. The values in
brackets represent the percent amino acid
identity compared to the Vihar E2-C protein.
(B) Predicted functional motifs and domains
of the Vihar protein as determined by the
Swissprot Prosite software of ExPASy da-
tabase.
(C) Ubiquitination reactions were resolved by
SDS-PAGE and blotted with anti-myc anti-
body to detect the myc-tagged human Cyclin
B fragment (aa 13–110). The reactions were
carried out in the presence or absence of hu-
man APC/C using equal amounts of E2s as
indicated. Note the reduction or absence of
ubiquitinated Cyclin B in reactions catalyzed
by Vihar E2-C-mD1D2 (double D box mutant)
and Vihar E2-C-mUBC (catalytically dead), re-
spectively.
one pole (Figure 4E). Such figures were also present microtubule connections between kinetochores and
both poles with concomitant reacquisition of checkpointin untreated control cells. The second class showed
chromosomes scattered throughout spindles that usu- proteins. The kinetochore regions of the scattered chro-
mosomes in cells with reduced amounts of Vihar wereally had just a single centrosome (Figure 4F). Finally,
spindles of the third class had chromosomes in the also associated with the BubR1 checkpoint protein (Fig-
ure S2A), suggesting that, as in the case of cells express-equatorial region but were significantly shorter (by ap-
proximately 60%) than the metaphase spindles in un- ing nondegradable Cyclin B, they were attempting chro-
mosome congression [14]. Consistently, the Aurora Btreated cells (Table S2). These small spindles had cen-
trosomes at each pole. The proportions of these last kinase also remained associated with the kinetochore
regions, and there was no sign in these cells of anytwo classes of defective spindle increased during the
course of the RNAi experiment (Figure S1J). In contrast attempt to organize the central spindle (Figure S2B).
to untreated cells, where Cyclin B undergoes cyclical
degradation (Figures 4B and 4C), Cyclin B seemed to Vihar E2-C Associates with the Centrosome
and Undergoes Cyclical Degradation in Mitosisaccumulate at the centrosomes, at the spindle, and
throughout the cell following vihar RNAi (Figures 4D–4G). The E2-C family of ubiquitin-conjugating enzymes con-
tains two destruction boxes that at least in the caseThis is consistent with the increase in Cyclin B seen
in many cell types after APC/C inhibition, for example, of the mammalian protein are required to mediate the
destruction of the protein during mitosis. We thereforefollowing spindle integrity checkpoint arrest.
The scattered distribution of chromosomes in cells wished to determine whether the Vihar protein of Dro-
sophila also underwent cyclical proteolysis. Becausewith reduced levels of Vihar resembled the phenotype
seen following the expression of nondegradable Cyclin it is very difficult to obtain synchronized material for
biochemical studies of cell cycle progression in Dro-B in Drosophila [5, 12–15]. In such circumstances, Parry
and colleagues [14] showed that chromosomes under- sophila, we approached this question in three different
ways. We first used immunostaining to localize Viharwent an oscillating behavior due to reestablishment of
Vihar E2-C and Cyclin B Degradation
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Figure 3. Hypomorphic vihar Mutants Show Similar Mitotic Defects in Larval Brains and Embryos
Whole-mount preparations of vih larval brains (A–C) or vih-derived embryos (E–G) were fixed and stained to reveal tubulin (green), CNN (red),
and DNA (blue).
(A–C) Spindles from third instar larval brains of vih1/vih1 individuals. (A) Bipolar monocentrosomal spindle with the chromosomes aligned
at the equator; (B) bipolar monocentrosomal spindle with scattered chromosomes; and (C) acentrosomal bipolar spindle with scattered
chromosomes.
(D–F) Spindles from cleavage embryos derived from vih1/vih1 or vih2/vih2 females. (D) Bipolar metaphase spindle in which the centrosomes
have been released from the poles; (E) bipolar monocentrosomal spindle on which chromosomes are beginning to segregate; (F) bipolar
spindle with broad spindle poles and scattered chromosomes. The scale bar represents 5 m. Western blots of equivalent amounts of total
protein from wild-type and vih mutant larval brains (upper box) or embryos (lower box) to compare levels of Vihar protein. The blots have
been probed with antibodies against -tubulin as a loading control. Levels of Vihar protein are not significantly reduced in vih1/vih1 brains but
are reduced by about 50% in the brains of hemizygous vih1/ individuals as compared to wild-type. Levels of Vihar protein are reduced in
0- to 2-hr-old embryos derived from vih1/vih1 or vih2/vih2 mothers compared to embryos derived from wild-type mothers.
E2-C at different mitotic stages in both cultured S2 cells In order to rule out the possibility that the diminution of
Vihar immunostaining did not simply reflect its dispersaland in wild-type syncytial embryos.
In cultured S2 cells, we found that Vihar E2-C protein through the cell, we sought to demonstrate reduction
in Vihar levels by Western blotting. To this end, we sub-accumulated in nuclei as soon as the chromosomes
started to condense and on the centrosomes while the jected cells to nocodazole treatment for 24 hr, causing
them to accumulate in mitosis. The drug was washeddaughter centrosomes had separated and were migrat-
ing (Figure 5A). At metaphase, it showed strong associa- away, and cells were analyzed at 1 hr intervals for the
levels of Vihar E2-C and Cyclin B as a positive control.tion to centrosomes. The intensity of centrosome-asso-
ciated Vihar E2-C staining was distinctly lower at The majority of both Vihar E2-C and Cyclin B had been
degraded by 2 hr, and both were scarcely detectable atanaphase (Figure 5B), but it was not until telophase/
cytokinesis that its degradation appeared to be maximal 3 hr after removal of the drug (Figure 5F). Thus, like
Cyclin B, the E2-C enzyme is subject to proteolysis once(Figures 5C–5E). The cytoplasmic levels of Vihar E2-C
appeared to be similar during mitosis until telophase, nocodazole-arrested cells are released from their meta-
phase-like arrest.when Vihar E2-C, initially excluded from the telophase
nuclei, appeared to accumulate in the equatorial region
of the cell, where the cleavage furrow was to form (Figure
Degradation of Vihar E2-C Spatially Regulates5C). By the time cytokinesis was completed, almost all
Destruction of Spindle-Associated Cyclin Bthe cytoplasmic Vihar E2-C had been degraded. These
As both Cyclin B and Vihar E2-C have well-defined spa-characteristic patterns of Vihar E2-C immunolocaliza-
tiotemporal profiles of localization and destruction ontion were completely abolished following vih RNAi (data
the mitotic spindle, we wished to determine the conse-not shown). We observed a similar pattern of localization
quences of expressing a nondegradable form of Viharin syncytial embryos (Figure S3). Taken together, these
E2-C upon mitotic progression. To this end, we clonedobservations indicate that Vihar E2-C appears to un-
destruction box mutant variants of Vihar E2-C down-dergo cyclical proteolysis initiated with either release of
stream of the GAL4 responsive element in pUASP [25].Vihar E2-C from the centrosome or the direct degrada-
Germline transformants were then established that car-tion of the centrosome-associated protein followed by
ried transgenes with mutations in each individual D boxa second wave of degradation of cytoplasmic protein
that is maximal later in mitosis. alone (vihmD1or vihmD2) or in both D boxes (vihmD1D2) (Experi-
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Figure 4. Cyclin B Is Not Degraded after vih-
RNAi
(A) Western blots to monitor levels of Vihar
E2-C and Cyclin B proteins in control cells
and following 3 days of vih-RNAi. Approxi-
mately equivalent amounts of total protein
were loaded into each gel lane, and the blots
were probed with antibodies against -tubu-
lin as a loading control.
(B–G) Immunolocalization of Cyclin B (green
in merged image and monochromatic) with
respect to microtubules (red) and DNA (blue)
in control untreated and vih dsRNA-treated
cells. In untreated cells, Cyclin B is found on
centrosomes, on the spindle, and in the cyto-
plasm at metaphase (B) and is degraded in
anaphase (C). Following vih-RNAi, Cyclin B
accumulates to high levels on centrosomes
and spindles whether they are of otherwise
wild-type appearance (D), monocentrosomal
metaphase figures (E), or monocentrosomal
with scattered chromosomes (F). In vih-RNAi
cells with diminutive spindles, Cyclin B levels
are also high, but staining is less concen-
trated on the spindles and their poles and is
present throughout the cytoplasm (G). The
scale bar represents 5 m.
mental Procedures). Crossing such lines with one in vihmD1 had no effect, the expression of vihmD2 resulted in
some mothers failing to produce viable embryos, andwhich the GAL4 protein is expressed from the maternal
-tubulin promoter activates female germline expres- the expression of vihmD1D2 resulted in complete maternal
effect lethality.sion from the UAS-containing transgenes. Thus, the em-
bryos derived from such mothers contain both wild-type We then carried out immunostaining experiments to
determine whether expression of vihmD1D2 resulted in anyand D box mutant Vihar E2-C protein.
When wild-type Vihar E2-C protein was expressed mitotic defects and, if so, whether they were associated
abnormalities in Cyclin B degradation. In wild-type em-from this maternal GAL4-driven system, we found that
it was fully able to rescue the vih1 maternal effect mutant bryos, Cyclin B is degraded on the mitotic spindle in an
apparent wave that spreads from the poles toward the(Table 2). In contrast, neither vihmD1, vihmD2, nor vihmD1D2
was able to rescue this maternal effect mutant (Table chromosomes as mitotic figures progress through the
metaphase-anaphase transition. This is most clearly vis-2). This indicated that none of these constructs was
fully functional. However, we were unable to see any ualized using GFP-tagged Cyclin B in cellularized em-
bryos [16] but can be seen with some difficulty in immu-significant change in the embryonic phenotype above
that of the background vih1 mutant. When the three con- nostained fixed preparations of syncytial stage embryos
(Figures 6A–6C). The expression of vihmD1D2 in embryosstructs were expressed in a wild-type background, flies
were fully fertile and displayed no maternal effect (Table derived from hemizygous vih/ mothers resulted in
roughly equivalent levels of wild-type and mutant pro-2). When, however, we reduced the gene dosage of wild-
type protein to 50%, we found that the expression of tein (Figure 6D) and led to arrest of mitosis predomi-
Vihar E2-C and Cyclin B Degradation
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degradation in the region of the spindle poles, but not
at the spindle equator, and this prevents completion of
mitosis. This contrasts to loss of Vihar function when
Cyclin B accumulates at the spindle poles.
Discussion
We describe for the first time the cellular phenotype that
results from reduction in the levels of a Drosophila E2-C
ubiquitin-conjugating enzyme, whose counterpart has
been implicated in the degradation of mitotic cyclins in
other organisms [20–24]. We have named this gene vihar
(Hungarian for storm) after the characteristic mutant
phenotype in which chromosomes are scattered through-
out the mitotic spindle. We observed similar reductions
in the levels of Vihar E2-C protein both in syncytial em-
bryos derived from vih mothers and S2 cells subjected
to vih RNAi that led to comparable mitotic abnormalities.
The majority of mitoses were delayed as metaphase
figures in which chromosomes had undergone con-
gression to the equator of the spindle. As seen with other
mitotic mutants in Drosophila, many of these mitotic
spindles were lacking centrosomes from one or both
poles. Thus, we are not able to attribute this aspect of
the phenotype directly to reduction of the Vihar protein.
The scattered chromosomes had the BubR1 checkpoint
protein at their kinetochores, and the Aurora B passen-
ger protein kinase had not transferred to the spindle
that had not adopted its characteristic late anaphase
morphology. Such features have also been reported in
cells arrested in mitosis due to the presence of nonde-
gradable Cyclin B [5, 11–15]. Indeed, cells with reduced
Vihar levels showed pronounced increases in Cyclin B
levels.
The accumulation of Cyclin B at the centrosomes of
vihar arrested cells was particularly striking and is an
exaggeration of the association of the cdk1-Cyclin BFigure 5. Cyclical Degradation of Vihar E2-C in Cultured Cells
complex with spindle poles that has been described in(A–E) Mitotic spindles from cultured S2 cells stained following form-
aldehyde fixation to reveal Vihar E2-C (green), -tubulin (red), and a wide number of organisms. The extent of degradation
DNA (blue). The monochromatic images that are displayed next to of Cyclin B varies during the embryonic development of
each merged image represent the staining of Vihar E2-C alone. Drosophila. Although the mitotic cyclins undergo exten-
Cells are shown in early prophase, prophase, and metaphase (A); sive degradation at the metaphase-anaphase transitionanaphase (B); telophase (C); and early and late cytokinesis (D and
in cellularized Drosophila embryos and in tissues at laterE). Scale bars represent 5 m.
stages [10], they appear to persist throughout mitosis(F) Cultured S2 cells were arrested by nocodazole treatment (NB)
and then incubated in nocodazole-free medium for the indicated in the syncytial Drosophila embryo [26]. Edgar and col-
times. The zero time point corresponds to cells washed twice with leagues [27] showed that there were successively in-
serum-containing medium following removal of nocodazole. Equal creasing levels of Cyclin B degradation throughout the
amounts of total protein extracts were loaded, and the blots were early syncytial cycles. This has been suggested to occurprobed with anti-Vihar, anti-Cyclin B, and anti--tubulin antibodies.
in restricted areas around the spindles as a result of
observations of a gradient of the dephosphorylation of
nantly in a metaphase or anaphase state (Figures 6G phospho-histone H3 along anaphase chromosomes,
and 6H) during the cleavage embryonic cycles in the which was maximal near the spindle poles. Such a gradi-
absence of a proteasome inhibitor. It did not appear to ent has been interpreted as reflecting reduction of cdk1
prevent chromatid separation, because chromosomes activity near the spindle poles or centromere. Although
could be in either a metaphase or anaphase configura- we would probably now interpret this finding as the
tion (Figure 6F). We were able to detect the His-tagged activation of the protein phosphatase that opposes the
ViharmD1D2 protein at centrosomes in the arrested mitotic B-type Aurora kinase that phosphorylates Histone H3
figures (Figure 6H). In all cases, expression of the vihmD1D2 [28], it nevertheless reflects a gradient of the activities
mutant resulted in a reduction of Cyclin B staining at of several enzymes associated with mitotic exit that is
the spindle poles and an accumulation of Cyclin B in initiated at the spindle poles. Support for this idea was
the central part of the spindle in a manner never seen provided by real-time imaging of GFP-tagged Cyclin B
in wild-type embryos across a whole field of mitoses. that showed that its degradation began at the spindle
poles in cellularized embryos [16].Thus, stabilization of the Vihar E2-C permits Cyclin B
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P[vih]; vih1/vih1 females fertile rescue
pUASP[vih]; vih/ vih wild-type
pUASP[vih]; vih/ wild-type
pUASP[vih]; vih1/vih1 females fertile rescue
pUASP[vihmD1]; vih/vih wild-type
pUASP[vihmD1]; vih/ wild-type
pUASP[vihmD1]; vih1/vih1 semilethal no rescue
pUASP[vihmD2]; vih/vih wild-type
pUASP[vihmD2]; vih/ some females are sterile enhancement
pUASP[vihmD2]; vih1/vih1 semilethal no rescue
pUASP[vihmD1D2]; vih/vih wild-type
pUASP[vihmD1D2]; vih/ females sterile enhancement
pUASP[vihmD1D2]; vih1/vih1 semilethal no rescue
Some indication of how Cyclin B degradation might equatorial region of the spindle, in contrast to the pheno-
type seen following downregulation of the enzyme whenbe propagated along the spindle comes from our studies
of the localization of the Vihar E2-C protein and its own Cyclin B accumulates at the poles. How can we explain
this dominant effect, and what is its relevance to wild-pattern of proteolysis. Our immunolocalization experi-
ments showed not only that a considerable proportion type Vihar function? As the double D box mutant shows
some reduction in catalytic activity (albeit measuredof Vihar E2-C is associated with the centrosome, but
also that it too undergoes degradation following the in vitro against a nonphysiological substrate, a fragment
of human Cyclin B), it is possible that we are seeing themetaphase-anaphase transition. This was confirmed by
the rapid destruction of accumulated Vihar E2-C protein effects of downregulating Vihar function. However, we
note that when we express a truly catalytically deadfollowing release of cells from a nocodazole block and
also by the stabilization of the protein following treat- version of Vihar (mutated at its catalytic cysteine resi-
due) in mitotic cells, the phenotype is similar to loss ofment of embryos with a proteasome inhibitor (data not
shown). We found that the centrosomal associated en- Vihar function, metaphase arrest with accumulation of
Cyclin B at the centrosomes (data not shown). Neverthe-zyme either dissociated or was directly degraded during
anaphase, leaving a diffuse distribution of protein in the less, the dominant effect of the Vihar double D box
mutant is only seen at reduced concentration of thecentral part of the cell that was largely degraded upon
mitotic exit. Thus, the spatiotemporal pattern of Vihar wild-type protein. In the whole organism, this is following
reduction of the gene dosage of the wild-type allele,distribution is reminiscent of that described by Huang
and Raff [30] for Cyclin B and our own results. It suggests and in mitosis only once the wild-type protein has been
partially destroyed. Thus, it may be that at this criticalthat degradation of the two proteins might be mediated
by activated APC/C in similar subcellular compartments. ratio of wild-type to D box mutant Vihar protein the
dominant-negative effect comes into action to preventHowever, Vihar E2-C appears to be more tightly local-
ized to the centrosome in the syncytial embryo than the late pattern of Cyclin B degradation. However, we
feel that this explanation does not fully take into accountCyclin B, which has a more punctate distribution over
astral microtubules and is more strongly associated with the spatial allocation of Vihar to different subcellular
compartments. There is no reason to suspect that atother regions of the spindle. Vihar also has a tighter
distribution on the centrosome than the APC/C compo- the onset of mitosis the ratio of wild-type to D box forms
should vary whether associated with the centrosome,nent Apc11 that clusters in a much larger “cloud” of
staining around the spindle poles as if associated with spindle, or cytoplasm. Thus, even though the ratio of
wild-type to D box forms would first reduce at the poles,astral microtubules (data not shown). Thus, the focus
for APC/C activity may initially be the centrosome itself, it should remain unchanged in other parts of the cell,
where there should still be sufficient wild-type Vihar towhere Vihar E2-C would not be rate limiting.
Both of the Vihar D boxes appear to be required for give the potential for APC/C activity. Thus, the domi-
nant-negative effect could be viewed from two perspec-efficient destruction of the protein, because mutations
in either box alone result in defects in embryonic devel- tives, being a result either of reduced E2 activity or of
continued E2 activity albeit at a reduced level, but inopment, whereas expression of Vihar E2-C having muta-
tions in both boxes gives a dominant mitotic phenotype. either event the mutant protein would persist at the
spindle poles. The outcome of either of these viewpointsPrevious studies with the mammalian counterpart of
Vihar had shown that mutation of these sequences stabi- of the dominant effect might be similar: namely, the
observed effect of preventing subsequent waves oflized the protein in an in vitro assay, but it had not
been possible to study effects in vivo [23]. We have now Cyclin B proteolysis on the central part of the spindle
and in the cytoplasm. Thus, our preferred hypothesis isshown that expression of the double D box mutant of
Vihar leads to the preferential degradation of Cyclin B that the continued presence of this nondegradable form
of Vihar at the spindle poles could block mitotic progres-at the spindle poles and its continued presence in the
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Figure 6. Vihar E2-C D Box Mutants Fail to
Degrade Cyclin B in the Spindle Equator
(A–C) Spatiotemporal profiles of Cyclin B
degradation in wild-type cleavage embryos
stained to reveal Cyclin B (green), -tubulin
(red), and DNA (blue). The monochromatic im-
ages shown alongside the merged images are
of the labeling of the Cyclin B alone. High
levels of Cyclin B are seen on the spindles
and cytoplasm at metaphase (A). Cyclin B
disappears from the spindle poles as its deg-
radation initiates, while the equatorial region
of the spindle still contains high levels of pro-
tein (B). The Cyclin B left in the spindle equa-
tor will disappear as the sister kinetochores
separate (C).
(D) Western blots of total protein extracts
made of embryos laid by females of the indi-
cated genotypes probed with anti-Vihar and
anti-Cyclin B antibodies. Notice the presence
of a higher band on the Vihar E2-C blot that
corresponds to the His6-tagged double de-
struction box mutant Vihar protein. The
-tubulin was used as an internal control.
(E–H) Cleavage embryos derived from
viharmD1D2/; vihar/ females stained to re-
veal Cyclin B (green), -tubulin (red), and DNA
(blue). (E) Abnormal early cleavage spindle
featuring broad poles. High levels of Cyclin
B (arrow) associate with the equatorial region
of the central spindle. (F) Mitotic figures from
a mutant embryo showing normal Cyclin B
distribution at early metaphase (arrowhead)
and the failure to degrade Cyclin B at the
spindle equator by anaphase (arrows). (G)
Cleavage spindle at telophase with Cyclin B
still present in the equator (arrow). (H) His6-
tagged Vihar-mD1D2 protein (red arrow-
heads) is seen at the poles of cleavage spin-
dles, while Cyclin B (green arrow) stays in the
equatorial region of the spindle.
Scale bars represent 5 m for (B), (C), (E), and
(F) and 10 m for (D).
sion, irrespective of its own level of E2 activity, by quired to permit subsequent waves of proteolysis else-
where in the cell.sequestering other rate-limiting components of the ubi-
quitination machinery. Conversely, in the wild-type situ- Perhaps the key to such a spatially regulated system
lies in processes of microtubule-mediated transport.ation, when the APC/C becomes competent at the meta-
phase-anaphase transition, the concentration of Vihar Raff and colleagues [19] have previously proposed that
the degradation of spindle-associated Cyclin B mightat the poles would direct ubiquitination of APC/C targets
at this site, and its own polar destruction would be re- be mediated by APC/C associated with Fzy/Cdc20 and
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the T7 Ribomax Large Scale RNA production system (Promega)that Fizzy-related/Cdh1 directs more the degradation of
according to the manufacturer’s instructions. The RNA was purifiedCyclin B in the cytoplasm. They further suggested that
using the Megascript Transcription kit (Ambion), denatured for 10once the metaphase-anaphase checkpoint was satis-
min at 95C, and annealed at 37C for 2 hr followed by slow cooling
fied, flux of Fzy/Cdc20 from the kinetochore to the poles at room temperature during an overnight incubation.
could first mediate cyclin degradation. Our finding that
the Vihar E2-C is concentrated at the poles provides an Generation of Vihar-Specific Antisera
The full-length vihar open reading frame was PCR amplified fromexplanation of why the Cyclin B degradation is initiated
the vihar cDNA using the following primers: 5-GCGACGAATTCGATat the poles. The spatiotemporal pattern by which Vihar
GGCGCAGAATATCAGC-3 (sense) and 5-GCGACAAGCTTGGTGTE2-C is then degraded suggests that it is ubiquitinated
CCTTGTGCTTCTCGTAGAA-3 (antisense). The PCR product was
for degradation alongside its Cyclin B target once the then ligated into pET24b() expression vector (Novagen), which had
APC/C has been activated in the vicinity of the spindle been digested with EcoRI and HindIII. The recombinant clones were
poles. Such autoregulatory inactivation of APC/C activ- sequenced to confirm the mutation-free nature of the insert. The
bacterially expressed recombinant Vihar-His6 protein was isolatedity at the spindle poles might also release the APC/C
from the soluble fraction of the bacterial lysate and then purifiedor other regulatory components to mediate Cyclin B
according to the protocol supplied by Novagen. The purified recom-degradation within the central part of the spindle. This
binant Vihar protein was injected into rabbits, and after three boosts,
may be linked to a general influx of late mitotic regulators the resulting serum was purified by affinity chromatography using
to the central spindle region. Indeed, plus end-directed recombinant Vihar-His6 protein blotted on a nitrocellulose mem-
motor proteins such as Pavarotti-KLP and several other brane.
regulators of cytokinesis begin to accumulate in the
In Vitro Mutagenesis and Constructioncentral spindle structure that forms at this time in prepa-
of UASp-vihar Transgenesration for cytokinesis. Once the ubiquitination process
The vihar cDNA cloned in the pET24b() plasmids (Novagen) washas been shut down at the poles, then similar autoinhibi-
subjected to mutagenesis using the QuickChange Site-Directed
tion could later operate upon Vihar E2-C in other regions Mutagenesis kit (Stratagene). Mutations were generated in either
of the cell following the subsequent wave of APC/C destruction box alone (viharmD1 [Arg82Ala; Leu85Ala] and viharmD2
activity. [Arg131Ala; Leu134Ala]) or in both boxes (viharmD1D2).
The wild-type and destruction box mutant UASp-vihar transgenesFinally, we note that in vitro studies using Xenopus
had been created by subcloning vihar, viharmD1, viharmD2, and vi-and clam extracts indicate that APC-mediated ubiquiti-
harmD1D2 PCR fragments containing the 5 Kozak consensus se-nation reactions are supported equally well by the Ubc4
quence (GTCATGG) in the UASp P element transformation vector.
and UBCx/E2-C enzymes [20, 29]. However, it has re- Two lines carrying the viharmD1 transgene, two lines carrying viharmD2,
mained unclear whether these enzymes are redundant and five lines carrying viharmD1D2 were established following Dro-
in vivo. A recent study from Seino and colleagues [30] sophila germline-specific transformation. The UASp constructs were
driven by GAL4-VP16 under the control of the maternal -tubulinin fission yeast, however, suggests that these two
promoter, a kind gift of Daniel St. Johnston.classes of E2 ubiquitin-conjugating enzymes are not
functionally equivalent and have distinct roles in degrad-
Supplemental Data
ing the mitotic cyclin Cdc13. The phenotypes of cells Supplemental Data including detailed Experimental Procedures,
deficient for Vihar E2-C enzyme indicate that it cannot three figures, and two tables are available at http://www.current-
be redundant with the Ubc4/5 family of E2 enzymes biology.com/cgi/content/full/14/19/1723/DC1/.
that remain functional in these cells. Thus, it remains of
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